Shape is an intrinsic marker of cell cycle, an important factor for identifying a bioparticle, and also a useful indicator of cell state for disease diagnostics. Therefore, shape can be a specific marker in label-free particle and cell separation for various chemical and biological applications. We demonstrate in this work a continuous-flow electrical sorting of spherical and peanut-shaped particles of similar volumes in an asymmetric double-spiral microchannel. It exploits curvature-induced dielectrophoresis to focus particles to a tight stream in the first spiral without any sheath flow and subsequently displace them to shape-dependent flow paths in the second spiral without any external force. We also develop a numerical model to simulate and understand this shape-based particle sorting in spiral microchannels. The predicted particle trajectories agree qualitatively with the experimental observation. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The separation and sorting of target particle or cell types from a complex mixture is essential to many chemical and biological applications. A variety of microfluidic methods have been demonstrated to sort particles and cells based on either external labeling (e.g., fluorescence-1 and magnetic-activated sorting 2 ) or intrinsic properties (e.g., size and density). 3, 4 The latter label-free separations are simpler and more desirable, which can take place in both a batch-wise 5 and a continuous-flow process. [6] [7] [8] Traditional batch separations include centrifugation, 9 electrophoresis, 10 field-flow fractionation (FFF), 11 etc. Continuous-flow separation can be implemented by imposing an external force such as electrical, 12 optical, 13 magnetic, 14 acoustic, 15 and hydrodynamic 16 forces. Channel topology-induced internal forces have also been utilized to sort particles and cells continuously, including insulator-based dielectrophoresis, 17 deterministic lateral displacement, 18 hydrodynamic filtration, 19 hydrophoresis, 20 inertial microfluidics, 21 etc. In addition, viscoelasticity effects have been recently demonstrated for continuous particle and cell sorting. 22 However, the majority of these sorting techniques can only separate particles and cells based on a single parameter, which has been primarily the size. [3] [4] [5] [6] [7] [8] They often become inefficient in handling real chemical and biological samples due to the inherent deviation in particle and cell sizes. It is thus important and necessary to explore other potential passive markers for particle and cell sorting.
Shape is an important factor for identifying a bioparticle such as rod-like bacilli and spherical cocci. 23 It has been found to play a dominant role in phagocytosis where macrophages internalize diverse targets including pathogens and airborne particles of various shapes. 24 Shape is also a marker of cell cycle, e.g., the budding yeast undergoes dramatic changes in shape during cell division. 25 Moreover, it can be an indicator of cell state that is useful information for a) J. DuBose and X. Lu contributed equally to this work. 26 and malaria 27 are accompanied with the changes of red blood cells from biconcave shapes to other shapes. Therefore, shape can be a specific marker in label-free particle and cell sorting for applications like the removal of aggregates from synthesized particles for drug delivery, the isolation of pathogens from biological fluids for disease diagnostics, and the cell-cycle synchronization for understanding geneexpression profiles specific to cell stages, etc.
However, only till very recently has the particle and cell shape been exploited as a passive sorting marker. Beech et al. 28 demonstrated a classification of morphologically altered red blood cells based on shape using deterministic lateral displacement. 18 This technique requires the fabrication of a high-resolution cylindrical 28 or I-shaped 29 post array. Sugaya et al. 30 implemented the separation of budded and single yeast cells with the hydrodynamic filtration technique, 19 which requires the use of a highly complicated network of microchannels. Masaeli et al. 31 performed a continuous sorting of rods with different aspect ratios and as well yeast cells at various stages based on the difference of equilibrium position in a long straight microchannel. 32 Such an inertia-based sorting technique, which has also been demonstrated in curving 33, 34 and contraction/expansion microchannels, 35, 36 favors high flow rate and hence may become problematic in handling precious samples. Moreover, the device of Masaeli et al. 31 requires a sophisticated design of the multiple outlet branches in order that the effluent positions of the differentially focused particles can be tuned without complicated physical actuation or valving. This complexity may impede the integration of inertial sorter into lab-on-a-chip devices. In addition, Valero et al. 37 demonstrated a label-free synchronization of yeast cell division by balancing opposing dielectrophoretic forces at multiple frequencies. This only electric technique developed so far for shape-based cell sorting requires the integration of in-channel microelectrodes and a precise control of the buffer conductivity.
In this work, we demonstrate the use of our recently developed curvature-induced dielectrophoresis (C-iDEP) [38] [39] [40] technique to continuously sort particles based on shape in an asymmetric double-spiral microchannel. This electric-field driven technique is essentially one type of insulator-based dielectrophoresis, [41] [42] [43] [44] which has several advantages over traditional electrodebased dielectrophoresis [45] [46] [47] [48] [49] [50] [51] [52] such as the ease of non-metal fabrication, the inert of insulating structure, etc. 53, 54 We also develop a numerical model that considers the full interactions among the particles, electric field, and flow field to understand and simulate this shape-based particle separation.
II. EXPERIMENT Fig. 1 shows a picture of the spiral microchannel used in our experiment, which was fabricated with poly(dimethylsiloxane) (PDMS) using the standard soft lithography technique. The FIG. 1. Picture of the microfluidic device (the spiral microchannel is filled with green food dye for clarity) used in the particle sorting experiment. The block arrows indicate the particle moving directions during the sorting process. channel is composed of two spirals that have three loops each and are asymmetric in structure. The first spiral is uniformly 50 lm wide and the second spiral has a constant width of 100 lm. A trifurcation is designed at the end of the second spiral in order to collect sorted particles into different reservoirs (labeled as outlets 1, 2, and 3 in Fig. 1 ). The channel is 25 lm deep everywhere and measures 39 mm in length. To demonstrate the shape-based sorting, 5 lm-diameter spherical polystyrene particles (Sigma Aldrich USA) and 3.5 lm-diameter/6 lm-length peanutshaped polystyrene particles (Magsphere, Inc., Pasadena, CA) were mixed and re-suspended in 1 mM phosphate buffer to a final concentration of 10 6 -10 7 particles/ml. A small amount of TWEEN 20 (0.1% by volume, Thermo Fisher Scientific) was added to the solution to suppress the particle-particle and particle-wall adhesions. The particle suspension was driven through the microchannel by pure DC electric fields that were supplied with a high-voltage power supply (Glassman PS/EL05P08LDM11). Particle motion was visualized using an inverted microscope (Nikon Eclipse TE2000U, Nikon Instruments, Lewisville, TX) equipped with a CCD camera (Nikon DS-Qi1Mc). The obtained digital images were processed using the Nikon imaging software (NIS-Elements AR 2.30).
III. THEORY
A. Sorting mechanism Fig. 2 shows the electric field lines (short arrows indicate the directions) and contour (represented by the background color, the darker the larger magnitude) in the most inner loop of the asymmetric double-spiral microchannel. The electric field reaches the maximum and minimum values at the inner and outer walls of each spiral, respectively, due to the variation in path length for electric current. Therefore, particles experience a transverse dielectrophoretic motion, U DEP , when they follow the electric field lines (equivalent to fluid streamlines for pure electrokinetic flows 55 ) to move electrokinetically through the curving channel. Under the point-dipole approximation, U DEP of an ellipsoidal rigid particle is given by 56, 57 
FIG. 2. Illustration of the shape-based particle sorting mechanism in an asymmetric double-spiral microchannel. Particles are deflected by negative C-iDEP to align near the outer wall of the first spiral and then displaced by negative C-iDEP to shape-dependent flow paths in the second spiral. Also shown are the electric field lines (equivalent to fluid stream lines with short arrows indicating the directions) and contour (background color, the darker the larger magnitude).
In the above, l DEP is the dielectrophoretic particle mobility, E is the electric field vector with a magnitude of E, < is the radius of curvature of an electric field line with n being its unit normal vector, d p is the equivalent diameter of a sphere having the same volume as the nonspherical particle, e m is the permittivity of the suspending medium, g m is the dynamic viscosity of the medium, and f CM is the Clausius-Mossotti (CM) factor that is a function of the electric conductivities of the particle, r p , and the medium, r m , under pure DC electric fields. 58 There are two particle shape dependent correction factors involved in U DEP : K i in Eq. (1b) accounts for the shape-dependence of the Stokes drag on a particle (note that K i ! 1 where the equality applies to spherical particles because non-spherical particles have a larger surface area than spherical ones of equal volumes and hence experience a greater drag force); 57 L i in Eq. (1c) is the shape related depolarization factor that affects the particle polarizability and reduces to 1/3 for spheres. 59 As micron-sized non-metallic particles and biological cells appear poorly conducting in DC and low-frequency AC electric fields, they often experience negative DEP in typical buffer solutions. 60 The resulting outward dielectrophoretic particle motion, U DEP (see the direction in Fig. 2) , competes with the stream-wise electrokinetic particle motion, U EK ,
where l EK is the so-called electrokinetic mobility due to a combination of medium electroosmosis and particle electrophoresis, s is the unit vector along the streamline, f p is the zeta potential of the particle, f w is the zeta potential of the microchannel wall, and M i is the correction factor for the shape and size dependence of l EK which can be simply treated as unity in all cases unless particles closely fit the channel size. 61 The resulting cross-stream particle deflection by C-iDEP can be expressed as 62 Deflection
where h is the opening angle of the spiral channel in one direction. Apparently, this dielectrophoretic deflection increases with E and h as well as the dielectrophoretic to electrokinetic mobility ratio,
The dependence of this mobility ratio on particle size (d p ), shape (K i , L i , and M i ), and surface charge (f p ) enables the continuous sorting of particles based on one or more of these intrinsic properties in an asymmetric double-spiral microchannel. Specifically, as shown in Fig.  2 , negative C-iDEP deflects the particle mixture (illustrated are one spherical particle and one peanut-shaped particle of a similar volume) to a tight stream flowing near the outer wall of the first spiral. When this focused particle stream travels into the second spiral, particles still experience negative C-iDEP but with a reduced magnitude due to the increased width in the second spiral as compared to the first spiral (and hence a lower electric field magnitude/gradient in the second spiral). Therefore, particles are deflected towards the outer wall of the second spiral from nearly the same position while at a rate that is dependent on their mobility ratio, l DEP /l EK . The result is a split of the single stream into two sub-streams based on the difference in intrinsic particle properties. Such a continuous-flow particle sorting has been recently implemented based on size 63 and surface charge 62 by one of the authors' group.
B. Numerical modeling
To understand and predict the electrical sorting of particles based on shape by C-iDEP, we simulated the electrokinetic motions of spherical and peanut-shaped particles in the asymmetric double-spiral microchannel using an Arbitrary Lagrangian-Eulerian (ALE) method-based numerical model. This numerical method was developed by one of the authors' group 64 and has been validated by comparing the predicted electrokinetic motions of spherical 65, 66 and nonspherical 67 particles with experiments in several structures of microchannels. It considers the dynamic particle-fluid-electric field interactions for moving particles in confined flows and computes the particle velocity (both translation and rotation) using hydrodynamic and Maxwell stress tensors. 64 To save the computational time, our model considered only the particle transport in the horizontal plane (i.e., two-dimensional) of the most inner loop of the spiral microchannel. The exact dimensions of the microchannel and the particles in the experiment were used in the model. Other parameters are presented in Sec. IV. Fig. 3 demonstrates the electrical sorting of 5 lm-diameter spherical particles and 3.5 lmdiameter/6 lm-length peanut-shaped particles in the asymmetric double-spiral microchannel (see Fig. 1 ). The inlet reservoir was imposed with a 1000 V DC voltage, and the three outlet reservoirs were all grounded. Therefore, the average electric field in the channel was estimated to be around 250 V/cm. At the inlet of the microchannel, the spherical and peanut-shaped (some of them are highlighted for a better illustration) particles were uniformly mixed as seen from the snapshot image in Fig. 3(a) . They travelled at approximately the same speed in the straight section, indicating that they had a similar electrokinetic mobility, l EK . In the center region of the microchannel, these two shapes of particles lined the outer wall of the first spiral, which were then deflected away from the inner wall of the second spiral by negative C-iDEP as illustrated in Fig. 3(b) . The peanut-shaped particles appeared to experience a weaker DEP than the spherical ones and hence had a smaller mobility ratio, l DEP /l EK , of the two. Therefore, they were displaced at a lower rate and gradually separated from the stream of spherical particles. Finally at the channel trifurcation, the spherical and peanut-shaped particles were sorted into outlet 2 and outlet 1, respectively, as demonstrated in Fig. 3(c) , where the non-spherical particles have been individually highlighted for a better illustration.
IV. RESULTS AND DISCUSSION
The flow throughput of this shape-based particle sorting was estimated to be 5 ll/h, which is relatively low for practical applications. It can be enhanced by increasing the applied electric field and the width/depth of the spirals. Alternatively, the throughput can be enhanced through a parallel operation of multiple double-spiral microchannels, which may be easily arranged in the radial direction of a circle for compactness. This is feasible as the C-iDEP sorter is all electric with easy connections and controls, which also facilitates its integration with other functional parts for building a real lab-on-a-chip device. We tested the sorting purity by manually counting the spherical and peanut-shaped particles in three independent videos. More than 300 particles were counted with at least 100 particles for each type. None of these particles were found to flow into outlet 3 [see the labeling in Figs. 1 and 3(c) ]. The percentages of the spherical and peanut-shaped particles collected into outlet 1 and outlet 2, respectively, are presented in the column plot in Fig. 4 . A better-than-80% sorting purity is achieved for the targeted particle type in each outlet (i.e., peanut-shaped particles in outlet 1 and spherical particles in outlet 2). This value can be further improved by imposing a small DC voltage bias upon one or two of the outlet reservoirs to finely tune the effluent positions of the sorted particles at the trifurcation. Fig. 5 (a) displays the numerically predicted trajectories of spherical and peanut-shaped particles that start at similar initial positions in the spiral microchannel. Three particles (with one showing the shape) were picked for each type with initial positions being evenly distributed over the channel width at the entrance of the first spiral. The zeta potentials of the particles and the wall were set to À40 mV and À15 mV, respectively. These values were selected to match the experimentally measured electrokinetic mobility of 1.8 Â 10 À8 m 2 /VÁs in a straight microchannel. The average electric field was set to 1200 V/cm in the model, which is about 5 times the value used in the experiment. This is viewed reasonable from Eq. loop was considered in the model for each spiral that actually consists of three full loops in our experiment. All particles in Fig. 3(a) are fully deflected by negative C-iDEP to the outer wall of the first spiral, which is consistent with the experimental observation in Fig. 3(b) . In the second spiral, spherical particles are deflected by C-iDEP at a greater rate than the peanut-shaped particles, leading to a continuously increased displacement between the two particle streams. This explains qualitatively why the spherical and peanut-shaped particles are sorted into outlet 2 and outlet 1 of the spiral microchannel, respectively, in the experiment [see Fig. 3(c) ]. Fig.  5(b) shows the predicted particle translation and rotation at the initial few time steps, where the long-axis of the peanut-shaped particle quickly aligns with the electric field. The distorted electric field lines and contour around a peanut-shaped particle are demonstrated in Fig. 5(c) , which explains why the particle rotates and transverse across the channel.
It is important to point out that the 3.5 lm-diameter/6 lm-length peanut-shaped particle has an equal volume to a 4.5 lm-diameter spherical particle. Therefore, the size discrepancy, i.e., d p , in Eq. (4), between the peanut-shaped particle and the 5 lm-diameter spherical particle should also facilitate their sorting in the spiral microchannel by C-iDEP. This contribution is, however, estimated to be small as compared to that from the shape difference, which is confirmed through numerical modeling. We simulated the electrokinetic motion of a 4.5 lm-diameter spherical particle that starts from an initial position identical to that of a 5 lm-diameter spherical particle under the same working conditions. The predicted trajectories of these two particles (data not shown) were found to slightly deviate from each other in both spirals of the microchannel but are apparently displaced from that of the peanut-shaped particle. Following the protocol reported by Champion and Mitragotri, 24 we are developing a setup to stretch polystyrene spheres to ellipsoidal shape with different aspect ratios while conserving the volume. These particles can be used to isolate the contribution of shape to separation from that of size difference.
V. CONCLUSIONS
We have demonstrated a microfluidic technique for continuous-flow electrical sorting of particles based on shape in an asymmetric double-spiral microchannel by C-iDEP. This technique is label-free and has the capability of separating particles and cells based on multiple intrinsic properties, e.g., size and shape simultaneously, as seen from Eq. (4). Other properties such as stiffness 68, 69 are not considered in this work for rigid particles, which may be potential markers for the C-iDEP sorting of disease infected cells. We have also developed a numerical model to understand the shape-based particle sorting in the spiral microchannel, which predicts qualitatively the experimentally observed deflection behaviors of each type of particles in the two spirals. This model will be used to optimize the structure (e.g., Archimedean spiral or Fermat's spiral) and dimension (e.g., constant or varying width) of the spirals in our future work.
